BACKGROUND AND PURPOSE: Endovascular options for therapy for patients with vasospasm after SAH include angioplasty and intra-arterial vasodilator infusion. Preliminary studies of the effects of the calcium channel antagonist verapamil on angiographic vasospasm have yielded mixed and/or qualitative results. In this study, improvement in angiographic vasospasm after intra-arterial verapamil administration is demonstrated with quantitative, blinded methods.
T
he incidence of SAH is approximately 9 cases per 100,000 patient-years and accounts for approximately 3%-5% of strokes. 1 Mortality is higher than that in other causes of stroke, and half of cases ultimately result in fatality. Of patients who survive longer than a few weeks, approximately one-third remain dependent. 2 Much of the morbidity and mortality associated with SAH in the days after the initial event is secondary to cerebral vasospasm, which can be divided into angiographic vasospasm and clinical vasospasm. "Angiographic vasospasm" refers to stenosis in the cerebral arteries, visualized by conventional angiography or CT angiography that is secondary to nearby subarachnoid blood products. The neurologic deficits attributable to this phenomenon are termed "clinical vasospasm" or "delayed ischemic neurologic deficits."
The mainstays of vasospasm prevention and treatment include systemic administration of nimodipine and optimization of factors that affect cerebral blood flow, including hemodynamic therapy (ie, HHH). [3] [4] [5] Endovascular therapies are typically used when conventional measures fail and include angioplasty and selective intra-arterial vasodilator infusion. Due to mechanical considerations, angioplasty is limited in application to the proximal arteries roughly Ն2 mm in diameter. Selective intra-arterial administration of pharmacologic agents allows simultaneous treatment of an entire arterial distribution, including distal vessels not accessible by angioplasty. The most studied intra-arterial pharmacologic agent until recent years was papaverine, but its use has decreased secondary to its short duration of action and reports of complications. Interest has since increased in the intra-arterial use of calcium channel antagonists, including verapamil, nimodipine, and nicardipine. 6 Preliminary studies of the effects of intra-arterial verapamil on angiographic vasospasm have yielded mixed and often poorly quantified results. [7] [8] [9] [10] In 1 quantitative case series by Mazumdar et al 9 using blinded reviewers, there was no statistically significant change in the diameters of vasospastic cerebral arteries after treatment. Three other case series reported increased diameters of treated vasospastic arteries, but these studies did not use blinded reviewers. One of the studies assigned subjective grades of angiographic vasospasm rather than applying specific measurements. 8 Another study reported only binary results in which angiographic vasospasm was described as Ͼ50% before treatment in all cases, and treatment resulting in residual vasospasm of any degree Ͻ50% was reported as "completely effective." 10 The diagnostic method of grading angiographic vasospasm by eye has been found to be unreliable, and clear-cut definitions of vessel stenosis are essential. 11 Bias in the data can be decreased by use of blinded reviewers. Certainly, quantitative data are requisite for any comparison between treatment methods or schedules with the goal of improving delivery of future care. In this report, blinded reviewers systematically analyzed DSA from 12 patients to quantify the effects of intra-arterial verapamil therapy on angiographic vasospasm.
Materials and Methods
This retrospective observational case series included all patients treated with intra-arterial verapamil for cerebral vasospasm between January 1, 2006, and December 31, 2008, at our institution, where follow-up angiography was performed Ն20 minutes after treatment. The exclusion criterion was treatment of vasospasm with angioplasty during the same procedure. There was no control patient population. All verapamil infusions were performed through catheters with tips placed in the distal cervical ICAs or cervical VAs.
For each patient and/or intra-arterial verapamil treatment, cerebral DSAs were analyzed at 3 time points, including time of presentation with SAH, time of diagnosis of angiographic vasospasm immediately before treatment with intra-arterial verapamil, and 20 -35 minutes after treatment with intra-arterial verapamil. For internal carotid DSA, artery diameters were measured in Յ11 predetermined segments. Segments measured on the anteroposterior view included A1 and A2 ACA segments and M1, M2, and M3 MCA segments. Segments measured on the lateral view included the supraclinoid ICA, A3 of the ACA, and the angular branch of the MCA. If a fetal origin of the PCA was present, the PcomA and P2 and P3 PCA segments were measured on the lateral view. For vertebral DSA, artery diameters were measured at Յ7 predetermined segments on the anteroposterior view. Segments measured included the basilar artery and right and left P1, P2, and P3 PCA segments. Because DSA is subject to variability in magnification between angiograms, all artery measurements were scaled to skull diameters.
A team of 3 reviewers composed of 1 diagnostic neuroradiology fellow and 2 interventional neuroradiology fellows analyzed each DSA. The first reviewer compared the DSA from the time of presentation with that from the time of angiographic vasospasm diagnosis before treatment. The first reviewer then marked the site of the worst angiographic vasospasm within each predetermined arterial segment described above. In any segment in which the first reviewer did not subjectively identify vasospasm, a representative site was still marked. The first reviewer was blinded to the results of treatment when choosing sites. After all sites were marked, the same sites were marked on the angiograms from the other time points. The second and third reviewers were then presented with the DSAs from all 3 time points in each patient and/or treatment in random order during the course of many days. These 2 reviewers, blinded to patient information and DSA time points, measured the artery diameters at each site marked. All images were analyzed at 400% magnification on a PACS, and measurements were recorded to the nearest 0.1 mm. Measurements from these 2 reviewers were averaged.
This project was reviewed and approved by the Human Research Protection Office at our institution, which granted a waiver of informed consent.
Results
Between January 2006 and December 2008, 12 patients (2 men and 10 women) underwent a total of 16 procedures for treatment of cerebral vasospasm with intra-arterial verapamil that fulfilled the inclusion and exclusion criteria for this study (Table 1). Patient ages were a mean of 45 Ϯ 11 years, ranging from 19 to 59 years. At presentation, head CTs demonstrated Fisher grade 3 SAH in 11 patients and Fisher grade 4 SAH in 1 patient. At DSA, 10 patients had 1 aneurysm, 1 patient had 2 aneurysms, and 1 patient had no angiographic etiology for hemorrhage. In patient 6, the right superior hypophyseal aneurysm was a 1-mm blood-blister-type aneurysm and was not thought to be the cause of the SAH. All of the other aneurysms were either surgically clipped or endovascularly coiled. The patients were treated with intra-arterial verapamil for vasospasm 9 Ϯ 4 days after SAH, with a range from 1 to 16 days. For the 34 treated arterial distributions, verapamil was administered at 10 mg for 31 arteries, 5 mg for 1 artery, and 20 mg for 2 arteries. The average total dose for each patient per procedure was 22 Ϯ 8 mg.
Hemodynamic parameters during each procedure were obtained from anesthesia records ( Table 2) . Goals for MAP were obtained from inpatient records. The only patient to experience bradycardia was patient 1 during procedure 1 when his heart rate decreased to 57 beats per minute after treatment. Despite mild tachycardia at the beginning of the procedure, the patient's heart rate had gradually decreased to the sixties before treatment.
Many patients required adjustment of their HHH therapy. Patient 2 was started on HHH therapy the morning of the procedure. During the procedure, norepinephrine was increased from 45 mcg/min to 55 mcg/min. For patient 5, the MAP goal was increased from 100 -110 mm Hg to 120 -130 mm Hg the morning of the procedure. This goal was not achieved before the procedure due to severe pulmonary edema and hemodynamic instability. During the procedure, phenylephrine was increased from 225 mcg/min to 300 mcg/min and norepinephrine was continued at 10 mcg/min. For patient 6, phenylephrine was titrated from 800 mcg/min to 740 mcg/min and then to 820 mcg/min during the procedure. During the first procedure for patient 7, a 5-mg bolus of labetolol was administered intravenously before intra-arterial verapamil infusion due to high MAP. During the second procedure for patient 7, phenylephrine was administered at 75 mcg/min at the beginning of the procedure and was titrated to 65 mcg/min and then to 160 mcg/min by the end of the procedure. During the second procedure for patient 8, phenylephrine was initially administered at 70 mcg/min and was titrated to 90 mcg/min after intra-arterial verapamil infusion. During the third procedure for patient 8, norepinephrine and phenylephrine were held constant at 30 mcg/min and 420 mcg/min, respectively. An intravenous bolus of 250-mL normal saline was administered for low MAP.
The nadir in MAP experienced by the patients averaged 14 Ϯ 10 mm Hg lower than the MAP at the beginning of the procedures (P ϭ .00002, Student t test). Decreases in MAP tended to persist for 10 -30 minutes, depending on dosing schedule and number of separate arterial distributions treated. At the conclusion of each procedure, which was typically 1 hour after the first verapamil infusion, heart rate, MAP, and intracranial pressure changed to Ϫ2 Ϯ 16 beats per minute (mean), Ϫ0.7 Ϯ 11 mm Hg, and Ϫ1 Ϯ 4 mm Hg, respectively, compared with the first measurement during each procedure. These changes were not significant (P ϭ .41, P ϭ .31, and P ϭ .23, respectively). Three patients underwent angioplasty and intra-arterial verapamil treatment for cerebral vasospasm at some point before a treatment included in this study. (Table 1) . Figure 1 demonstrates an example of improvement in angiographic vasospasm in the posterior circulation after intraarterial infusion of 10-mg verapamil into the left vertebral artery. Figure 2 plots data describing the changes in the diameters of all 275 arterial segments measured in all 34 arterial distributions included in this study. Note that several data points demonstrate a negative degree of stenosis before treatment (ie, increased diameter at the time of vasospasm treatment relative to initial presentation). These data suggest that some of the arteries demonstrated angiographic vasospasm at presentation. Note also that the linear regression line does not pass through the origin. This finding may be secondary to a combination of vasospasm in some arteries at presentation and enlargement of some arteries beyond their normal baseline diameters after treatment. For the 34 arterial distributions treated, the segments with the worst angiographic vasospasm from each arterial distribution averaged 51 Ϯ 13% stenosis, which improved to 29 Ϯ 18% stenosis (P Ͻ .001). Figure 2 demonstrates that the regression coefficient (slope) calculated from a plot of the degree of stenosis before treatment versus the degree of stenosis after treatment was 0.67 Ϯ 0.03 with a y-intercept of Ϫ6.5 Ϯ 1.2. Subgroup analysis was performed to compare the effects of intra-arterial verapamil on distal vessels with the effects on proximal vessels. Proximal segments defined as the basilar artery, supraclinoid ICA, A1 ACA segment, M1 MCA segment, and P1 PCA segment showed a regression coefficient that was not statistically significantly different from that of distal segments defined as A2 and A3 ACA segments; M2, M3, and M4 MCA segments; PcomA; and P2 and P3 segments (P Ͼ .05, analysis of variance). Subgroup analysis was also performed to compare the effects of intra-arterial verapamil on the anterior circulation with those on the posterior circulation. Again, the regression coefficients did not demonstrate a statistically significant difference (P Ͼ .05). Note that data in Fig 2 represent averaged observations from 2 independent blinded reviewers. As a measure of inter-rater reliability, regression coefficients were calculated from data from each reviewer independently. The regression coefficients did not demonstrate a statistically significant difference (P Ͼ .05). Four treatments included in the data plotted in Fig 2 in volved patients treated with angioplasty for vasospasm at some point in the days before intra-arterial verapamil administration. Subgroup analysis of arterial segments previously treated with angioplasty was performed to assess the responsiveness of those arterial segments to subsequent treatment with intra-arterial verapamil. Figure 3 demonstrates that the regression coefficient calculated from a plot of degree stenosis before treatment versus degree stenosis after treatment was 0.67 Ϯ 0.19 with a y-intercept of Ϫ10.7 Ϯ 6.4. Arterial segments previously treated with angioplasty demonstrated responsiveness to intra-arterial verapamil that was not different from that of arterial segments that had not been previously treated with angioplasty (P Ͼ .05).
Discussion
This study included all patients treated with intra-arterial verapamil, but not concurrent angioplasty, for cerebral vasospasm between January 1, 2006, and December 31, 2008, at our medical center, where follow-up angiography was performed Ն20 minutes after treatment. Clinical information for this patient cohort is detailed in Table 1 . This study population had a selection bias on the part of the intensivists, neurosurgeons, and neurointerventional radiologists caring for the patients, but this population does share characteristics of a random population of patients with nontraumatic SAH. Most cases of nontraumatic SAH are caused by rupture of an intracranial aneurysm, which accounts for approximately 85% of cases.
2 Ruptured aneurysm was diagnosed as the cause of SAH in 10 of the 12 cases presented here. The incidence of SAH increases with age and is higher in women than in men. The average age here was 45 Ϯ 11 years. Women accounted for 10 of the 12 patients treated.
The optimum dosage and infusion rate of intra-arterial verapamil are not known. The average dosage in this study was 10 Ϯ 3 mg per vessel for a total of 22 Ϯ 8 mg per procedure (Table 1) . These dosages were selected on the basis of anecdotal experience and, in some cases, were the result of titration to a desired effect. Mazumdar et al 9 used an average of 7.4 mg with a range from 2.5 to 10 mg but did not specify if the dose was per vessel or per procedure. In that study, the diameters of vasospastic arteries were not significantly different after treatment. Other groups have reported improvement in angiographic vasospasm after treatment. Feng et al 7 used an average of 2 mg per vessel for a total of 3.1 Ϯ 0.3 mg per procedure. The highest dose used in a single vessel was 8 mg. Keuskamp et al 8 used much higher doses at 41 Ϯ 29 mg per procedure. The duration of action of a pulsed dose of locally high-concentration intra-arterial verapamil is likely in the range of several hours, and repeat treatment may sometimes be required for ongoing optimal clinical effect. 12, 13 Although most patients in this study received only 1 treatment, some patients were treated 2 or 3 times during the course of several days. Albanese et al 10 used in-dwelling microcatheters for prolonged infusions of verapamil at rates of 10 -50 mg/h for infusion times from 1 to 20.5 hours for total dosages Յ720 mg. Treatment intervals have been typically based on clinical status rather than pharmacokinetics. Given differences in methods used to quantify results, direct comparison between these dosage schemes is not straightforward.
Administration of intravenous verapamil may produce undesired systemic effects that decrease cerebral perfusion pressure. Table 2 details hemodynamic parameters for each treated patient during each procedure. After initiation of treatment, patients experienced transient decreases in MAP, typically for 10 -30 minutes. This time span is likely a function of the number and spacing of treatment boluses to multiple arterial distributions. Because arterial distributions were treated sometimes only a few minutes apart, the effect of individual boluses is not clear. These changes resolved by the end of the procedures. In a study using lower doses of verapamil, Feng et al 7 reported statistically significant decreases in MAP of 3.8 Ϯ 1.0% at 10 minutes after treatment and 1.7 Ϯ 1.1% at 20 minutes after treatment. In a study using higher doses of verapamil than those in the current study, Keuskamp et al 8 reported qualitative transient decreases in heart rate and/or blood pressure in some of their patients lasting, at most, 5 minutes with no episodes of hypotension or new bradycardia. Some of the decreases in MAP were greater than 10 mm Hg, but specific measurements were not given. They measured no significant change in hemodynamic parameters when comparing the beginning and end of the procedures.
Results shown in Fig 2 plot the degree of stenosis before and after treatment in a series of patients with vasospasm. The arterial segments most negatively affected by angiographic vasospasm were the segments that demonstrated the greatest improvement with treatment, a result also reported by Feng et al. 7 This dependence of the degree of improvement on the degree of angiographic vasospasm is important in evaluation of other studies on this topic. A common convention has been to report treatment effect as a percentage increase in arterial diameter of vasospastic arteries after treatment relative to before treatment. 7, 9 Unfortunately, when the degree of vaso- spasm before treatment is not reported, the absolute change in artery diameter is unknown, and results can be difficult to compare between studies. In the case series by Mazumdar et al, 9 this confounding variable may have contributed to the lack of statistical significance of those results because data from arterial segments that were not affected or only mildly affected by vasospasm may have obscured the true treatment effect on more severely vasospastic arteries.
There is lag time between vasodilator infusion and therapeutic response, a concept that becomes important when repeat DSA runs are performed to adjust vasodilator dosage or quantify overall treatment outcome. In an in vitro study of dog cerebral arteries, verapamil-induced changes in vessel walls developed gradually and stabilized within 15-30 minutes.
14 In 14 of the 18 cases reported by Mazumdar et al, 9 follow-up angiography was performed 5 minutes after the conclusion of verapamil infusion. This delay may have been insufficient and may have contributed to the statistically insignificant results. In contrast, Keuskamp et al 8 performed follow-up angiography 1-2 minutes after each 5-mg intra-arterial verapamil bolus. Multiple doses were often used because lower doses were not effective. Even though the infusions tended to be performed during relatively long time periods, the lower doses may have been more effective if longer time periods had been observed before follow-up angiography. Feng et al 7 demonstrated improvement in angiographic vasospasm when angiography was performed 10 -15 minutes after treatment by using relatively low-dose treatments. In cases in which pretreatment DSA is compared with posttreatment DSA performed Յ 35 minutes later as in these studies, it is reasonable to assume that any change in vessel diameter will be secondary to treatment, without necessarily including an untreated or sham-treated cohort. Albanese et al 10 treated patients with continuous vasodilator infusions by indwelling microcatheters for Յ20.5 hours. The assumption that posttreatment artery diameter is completely a function of medication infusion may not be valid at such long time periods.
Angioplasty can be complementary to selective intra-arterial vasodilator infusion in the treatment of vasospasm. Due to mechanical considerations, angioplasty is limited to relatively large proximal arteries. It has been suggested by others that distal vessels are more affected by medication infusion than proximal vessels. 7, 10 In this study, the effects of intra-arterial verapamil were not different between proximal and distal arterial segments. As shown in Fig 1, intra-arterial vasodilator infusion has the benefit of simultaneous treatment of an entire arterial distribution, including distal vessels not accessible by angioplasty. As shown in Fig 3, arterial segments previously treated with angioplasty did not demonstrate a difference in responsiveness to intra-arterial verapamil compared with arterial segments not previously treated with angioplasty. In a study of canine carotid arteries, Megyesi et al 15 reported that arterial segments previously treated with angioplasty in vivo were less responsive to several pharmacologic agents when studied in vitro after animal sacrifice. In that study, arteries were balloon-dilated to 150% of their normal diameter, a degree of dilation far beyond that used in clinical practice. In a similar study involving rabbit carotid arteries, Macdonald et al 16 reported that vasospastic arteries dilated to 100% of their normal diameter demonstrated reduced responsiveness to multiple pharmacologic agents. The etiology of the disagreement between those results and results in this study is not clear.
Randomized controlled trials have not been performed to prove the efficacy of intra-arterial verapamil in the treatment of clinical vasospasm. Other studies have reported changes in gross neurologic status in treated patients. [7] [8] [9] [10] 17 Those parameters were outside the scope of the current study. In the absence of a control patient population, those data may be of limited value. It is well established that complications may be under-reported and benefit may be exaggerated in studies that do not include a control patient population. Randomized controlled trials have also not been performed to compare angioplasty with intra-arterial vasodilator infusion or to compare the different available vasodilators.
Conclusions
Intra-arterially administered verapamil improves angiographic vasospasm after SAH when administered at 10 Ϯ 3 mg per arterial distribution. If repeat angiography is performed to adjust vasodilator dosage or assess treatment response, a delay of 15-30 minutes may be required. Optimal dose, infusion rate, and retreatment interval remain to be determined. Randomized controlled trials are needed to prove efficacy in the treatment of clinical vasospasm.
